INTRODUCTION
Junctional adhesion molecule-A (JAM-A or F11R) is a transmembrane glycoprotein that is expressed on the surface of a variety of cells including endothelia and epithelia, as well as on subsets of leukocytes including monocytes, lymphocytes, polymorphonuclear neutrophils (PMNs), platelets, and dendritic cells. [1] [2] [3] [4] Given its broad cellular and tissue expression pattern, a diversity of functions has been described for JAM-A. In epithelia and endothelia, JAM-A is enriched at tight junctions where it homodimerizes in cis as well as in trans to serve as a platform to recruit intracellular signaling molecules that regulate key functions including paracellular permeability to macromolecules, cell proliferation, and cell migration. [5] [6] [7] [8] In immune cells, JAM-A has been reported to facilitate leukocyte diapedesis in various inflammatory models. Function blocking JAM-A antibodies and genetic depletion of JAM-A in mice (Jama KO ) have been shown to reduce leukocyte extravasation in inflammatory meningitis, thioglycollate-induced peritonitis, skin inflammation, or ischemia-reperfusion of heart and liver. 3, [9] [10] [11] In addition, there is considerable evidence that JAM-A-mediated effects on leukocyte recruitment are stimulus-specific. 10, 12, 13 On a molecular level, the mechanism by which JAM-A mediates leukocyte trafficking is not completely elucidated. It has been shown that inflammatory conditions result in JAM-A redistribution in endothelial cells from the intercellular area to the apical surface facilitating interactions in trans with JAM-A on leukocytes or with leukocyte integrin lymphocyte function-associated antigen 1 (LFA-1).
14 However, others have reported that endothelial intercellular adhesion molecule (ICAM)-1 preferentially binds LFA-1 rather than JAM-A, suggesting that JAM-A/LFA-1 interaction might be cell-context or stimulus-dependent. 15 In addition, nonredundant functional roles for JAM-A in a variety of cells including platelets, dendritic cells, and PMN have been reported. [16] [17] [18] Pertinent to this study, it has been shown that loss of JAM-A negatively regulates polarized migration of PMN, while having a positive effect on dendritic cell trafficking. 9, 19, 20 Despite a number of previous reports, the role of leukocyteexpressed JAM-A in regulating PMN migration remains unclear. In this study, we investigated contributions of JAM-A in PMN recruitment using acute peritonitis induced by intraperitoneal (i.p.) administration of zymosan, lipopolysaccharide (LPS), or tumor necrosis factor alpha (TNFα) in mice after selective deletion of JAM-A in myeloid cells, including PMN (LysM-Cre;Jam-a fl/fl ). Surprisingly, no defect in PMN recruitment into the peritoneal cavity was observed in LysM-Cre;Jam-a fl/fl mice compared to controls in response to zymosan, LPS, or TNFα. However, Jam-a KO mice displayed reduced recruitment of PMN into the peritoneum in response to zymosan, LPS, or TNFα, suggesting non-myeloid or extrinsic contributions of JAM-A in regulating PMN migration. Experiments directed at identifying the mechanism for reduced PMN recruitment in Jam-a KO mice revealed decreased production of PMN chemokine CXCL1 as well as impaired activation of nuclear factor-kB (NF-kB) from peritoneal macrophages derived from Jama KO mice in response to zymosan or LPS. Conversely, peritoneal macrophages derived from LysM-Cre;Jam-a fl/fl mice displayed unaltered response compared to normal controls, consistent with leukocyte-independent JAM-A function(s) contributing to defective PMN recruitment in Jam-a KO mice. Given that Jam-a KO mice have enhanced intestinal permeability that is associated with increased bacterial translocation and adaptive immune compensation, 21, 22 we investigated whether a leaky gut in Jam-a KO mice contributed to the observed alteration in peritoneal macrophage response. Indeed, mice with selective JAM-A deficiency in the intestinal epithelium (Villin-Cre;Jam-a fl/fl ) had increased intestinal permeability, reduced peritoneal infiltration of PMN in response to zymosan or LPS, diminished levels of CXCL1 and impaired activation of NF-kB. Interestingly, we observed that peritoneal macrophages from germfree Villin-Cre;Jam-a fl/fl mice showed unaltered PMN migration into the peritoneal cavity and normal CXCL1 production. Taken together, these findings reveal a central role for intestinal barrier function in regulating peripheral innate immune responses that are dependent on microbial colonization of the gut.
RESULTS

Leukocyte-expressed JAM-A is not necessary for PMN migration in vivo and in vitro
We used in vivo models of acute peritonitis to study PMN recruitment in mice with targeted deletion of JAM-A in myeloid cells (LysM-Cre;Jam-a fl/fl ). Selective loss of JAM-A expression was confirmed in bone marrow-derived PMN and monocytes (Supplemental Fig. 1 ). Unexpectedly, PMN migration into the peritoneal cavity 2 h after intraperitoneal (i.p.) injection of zymosan was comparable in LysM-Cre + ;Jam-a fl/fl mice and in littermate Jam-a fl/fl controls (Fig. 1a) . By contrast and consistent with a previous report, 9 PMN infiltration into the inflamed peritoneal cavity after injection of zymosan was significantly reduced in Jam-a KO mice compared to Jam-a WT mice (Fig. 1b) . Furthermore, PMN migration into the peritoneum was significantly reduced in Jam-a KO mice in response to i.p. injection of LPS or TNFα while PMN recruitment was unchanged in LysM-Cre + ;Jam-a fl/fl mice compared to controls (Fig. 1c, d ). These results suggest that the defect in PMN recruitment in Jam-a KO mice was not stimulus-dependent and indicate a leukocyte-independent role for JAM-A in regulation of PMN recruitment in vivo.
Since we did not observe reduced PMN recruitment into the inflamed peritoneum in LysM-Cre;Jam-a fl/fl mice, we next determined if leukocyte-expressed JAM-A was necessary for PMN migration toward an inflammatory stimuli using an in vitro chemotaxis assay and gradients of the potent PMN chemoattractants CXCL1 23 or Leukotriene B4 (LTB 4 ). 24 Bone marrowderived PMN were stimulated to migrate across collagen-coated transwell filters in response to CXCL1 or LTB 4. Migration of PMN isolated from LysM-Cre;Jam-a fl/fl (Fig. 1e ) and Jam-a KO mice (Fig. 1f ) was comparable to PMN from control mice. Altogether, these observations indicate that PMN-expressed JAM-A does not influence migration in response to chemoattractants in vitro and in vivo. Since Jam-a KO mice displayed reduced recruitment of PMN into the peritoneum in response to several pro-inflammatory stimuli, collectively these observations indicate non-myeloid or extrinsic contributions of JAM-A in regulating PMN migration.
CXCL1 generation is impaired in macrophages derived from Jama-deficient mice Since it is well appreciated that zymosan is actively phagocytosed by peritoneal macrophages resulting in release of proinflammatory cytokines and chemokines that promote leukocyte (e.g., PMN and monocytes) recruitment, 25, 26 we investigated whether loss of JAM-A might alter generation of PMN chemokines during zymosan-induced peritonitis. We first examined whether there was altered distribution of immune cell populations in the peritoneal cavity of Jam-a KO mice compared to wild-type (WT) controls at basal condition. Jam-a KO mice and WT controls displayed similar numbers of macrophages, mast cells, T lymphocytes and B lymphocytes, indicating that immune cell populations are not changed within the peritoneal cavity of Jama KO mice (Supplemental Fig. 2 ). Given these observations, we evaluated production levels of major inflammatory mediators that promote PMN trafficking in peritoneal lavage fluid 2 h after injection of zymosan. In analyses of peritoneal lavage fluids, only CXCL1 was found significantly reduced in vivo in Jam-a KO mice compared to Jam-a WT mice ( Fig. 2a and Supplemental Fig. 3a-c) . Similarly, there was a significant decreased zymosan-stimulated generation of CXCL1 compared to CXCL2, interleukin (IL)-6, and TNFα in culture supernatants derived from peritoneal macrophages isolated from Jam-a KO mice and treated with zymosan ex vivo ( Fig. 2c and Supplemental Fig. 3d-f) . While a small decrease in TNFα was observed ex vivo, only CXCL1 showed consistent and significant decreases in vivo and ex vivo. Therefore, CXCL1 was used as a marker of peritoneal macrophage function in response to zymosan-induced peritonitis. CXCL1 levels were then assessed in peritoneal exudates as well as in culture supernatants from JAM-A-deficient peritoneal macrophages isolated from LysMCre;Jam-a fl/fl mice (Supplemental Fig. 4 ) after administration of zymosan. CXCL1 levels were unaffected in LysM-Cre + ;Jam-a fl/fl and Jam-a fl/fl control mice in vivo and ex vivo (Fig. 2b, d ). Collectively, these results suggest that peritoneal macrophages derived from Jam-a KO mice after zymosan administration have reduced CXCL1 generation that may contribute to the decreased intraperitoneal PMN recruitment observed Jam-a KO mice. However, since CXCL1 generation by JAM-A-deficient macrophages derived from LysMCre;Jam-a fl/fl mice was not impaired, these findings are consistent with non-myeloid or extrinsic contributions of JAM-A in regulating PMN migration in response to zymosan. Impaired macrophage-dependent neutrophil recruitment is secondary to increased intestinal permeability in Jam-a-deficient mice Since it has been shown that Jam-a-deficient mice have increased intestinal permeability and bacterial translocation but do not develop spontaneous colitis due to compensatory adaptive immune responses, 21, 22 we hypothesized that the leaky gut in Jam-a KO mice may play a role in regulating the above response in peritoneal macrophages. To test this hypothesis, we first determined that intestinal barrier function in LysM-Cre;Jam-a fl/fl mice as assessed by permeability to 4 kDa FITC-dextran, was not impaired in LysM-Cre + ;Jam-a fl/fl mice (Supplemental Fig. 5 ). Then, we conducted experiments with mice with selective deletion of JAM-A in the intestinal epithelium (Villin-Cre;Jam-a fl/fl mice). Despite lacking intestinal epithelial JAM-A, these mice retain normal expression of JAM-A in endothelia and immune cells (Fig. 3a, b) . Analogous to Jam-a KO mice and consistent with a recent report, 27 Villin-Cre + ;Jam-a fl/fl mice have a leaky intestinal barrier as shown by enhanced permeability to 4 kDa FITC-dextran (Fig. 3c) . Peritonitis experiments revealed that targeted loss of JAM-A on intestinal epithelial cells (IECs) resulted in reduced PMN recruitment into the peritoneal cavity in response to zymosan or LPS in Villin-Cre + ;Jam-a fl/fl (Fig. 3d) . To determine the effects of a leaky intestinal epithelial barrier on macrophage function, we isolated peritoneal macrophages from Villin-Cre;Jam-a fl/fl mice and analyzed CXCL1 protein and messenger RNA (mRNA) levels in response to zymosan. While comparable JAM-A mRNA levels were observed in peritoneal macrophages from Villin-Cre + ;Jam-a fl/fl mice compared to controls (Supplemental Fig. 6 ), we observed Macrophage-dependent neutrophil recruitment is impaired under conditions. . . A-C Luissint et al.
significantly reduced CXCL1 mRNA and protein generation in macrophages isolated from Villin-Cre + ;Jam-a fl/fl mice (Fig. 3e, f) . Interestingly, under germ-free conditions, PMN infiltration in the peritoneum remained unaltered in response of zymosan or LPS in Villin-Cre + ;Jam-a fl/fl mice compared to littermate controls (Fig. 3g) .
Furthermore, the amount of CXCL1 produced by peritoneal macrophages derived from germ-free Villin-Cre + ;Jam-a fl/fl mice was unchanged compared to control mice after zymosan treatment ex vivo (Fig. 3h, i) . Collectively, these observations suggest important contributions of gut permeability and Altered NF-kB signaling in peritoneal macrophages from Jam-a KO mice and Villin-Cre + ; Jam-a fl/fl mice To further understand the basis of decreased CXCL1 generation in JAM-A-deficient peritoneal macrophages, we tested whether phagocytosis of zymosan particles was altered. As seen in Supplemental Fig. 7 , phagocytosis of zymosan particles was similar in peritoneal macrophages from Jam-a WT and Jam-a KO mice. We next evaluated the effect of zymosan or LPS on activation of signaling pathways in peritoneal macrophages and with a focus on NF-kB-dependent signaling, which is known to regulate gene expression for multiple cytokines and chemokines including CXCL1. 28, 29 As shown in Fig. 4a, d , a time course analysis of NF-kB activation in peritoneal macrophages after zymosan or LPS stimulation revealed enhanced Serine 536 phosphorylation of the NF-kB subunit p65 (p65 pSer536) in WT animals that was reduced in macrophages derived from Jam-a KO mice. Similarly, targeted loss of JAM-A on IECs resulted in significant reduction in p65 pSer536 in peritoneal macrophages derived from Villin-Cre + ; Jam-a fl/fl compared to Jam-a fl/fl controls in response to zymosan or LPS (Fig. 4b, e) . Conversely, NF-kB activation was not altered in LysM-Cre + ;Jam-a fl/fl compared to Jam-a fl/fl controls ( Fig. 4c, f ). Taken together, these findings strongly suggest that peritoneal macrophages from Jam-a KO as well as Villin-Cre + ;Jam-a fl/fl mice have reduced NF-kB activity resulting in dampened CXCL1 production and PMN recruitment into the peritoneal cavity in response to zymosan.
DISCUSSION
Here, we report new observations on the role of JAM-A in PMN recruitment in vivo in response to multiple inflammatory stimuli using tissue-targeted and total knockout mice. Surprisingly, selective loss of JAM-A on myeloid cells failed to show any defect in PMN infiltration in contrast to significantly reduced PMN infiltration in the peritoneum of Jam-a KO mice. We conclude that expression of JAM-A on PMN does not contribute to recruitment in the peritoneum following zymosan, LPS, and TNFα. This conclusion is supported by observations that loss of JAM-A on PMN from either Jam-a KO or LysM-Cre;Jam-a fl/fl animals did not prevent migration in response to CXCL1 or LTB 4 in a transwellbased chemotaxis assay. These findings are consistent with another study using dendritic cells (DCs) isolated from Jam-a KO mice that showed normal chemotactic responsiveness to CCL19 and CCL3 in a three-dimensional transwell system; however, JAM-A-null DCs were shown to exhibit increased random motility in another 2-D-based assay. 19 Similarly, there are two previous studies that have implicated expression of JAM-A on PMN as being necessary for polarized migration. 9, 20 A plausible explanation for the lack of effect of JAM-A on PMN migration in this report is that we used a three-dimensional transmigration assay while the others used linear two-dimensional assays on solid surfaces. In addition, in Jam-a KO animals, it has been reported that the overall numbers of transmigrated PMN in response to LTB 4 is unchanged compared to controls yet interstitial migration of PMN was impaired 20 suggesting contributions of the extracellular substrate in JAM-A-dependent PMN migration. Noteworthy, it has been reported that JAM-A-dependent PMN migration is stimulusspecific. 13 Although, the mechanisms that control stimulusdependent ability of JAM-A to mediate leukocyte transmigration are unknown, it has been suggested that stimuli that activate directly endothelial cells (such as IL-1β) may involve JAM-A and other endothelial cell adhesion molecules like PECAM-1, while stimuli that directly activate neutrophils (such as LTB 4 or TNFα) are independent of JAM-A or PECAM-1, and may use other mechanisms. 13, 30 In addition, JAM-A has been reported to control integrin functions in platelets and PMN. 17, 18, 20 Since integrins are wellknown to play an important role in cell adhesion and migration on extracellular substrates, presumably, stimulus-dependent modulation of the interaction between JAM-A and integrins (or integrin binding partners) might also contribute to the ability of JAM-A to mediate leukocyte migration.
Another important observation in this study is reduced peritoneal macrophage production of CXCL1 in response to zymosan in JAM-A-null mice in vivo and ex vivo. These findings suggest that impaired CXCL1 production is responsible for the decreased PMN infiltration in the peritoneum. Surprisingly, JAM-Anull peritoneal macrophages from LysM-Cre;Jam-a fl/fl mice did not exhibit a defect in the ability to produce CXCL1 in response to zymosan implying that macrophage-expressed JAM-A does not contribute to the findings in this inflammatory model. Thus, we concluded that tissue microenvironment or exogenous factors are responsible for the observed reduction of PMN infiltration in Jama KO mice. These results highlight the importance of using tissuetargeted knockout mice in future studies on the characterization of the specific contributions of JAM-A in leukocyte subsets on observed phenotypes in animal models of inflammation.
JAM-A is also abundantly expressed on epithelia as well as endothelia, and there are multiple reports of a non-redundant role for JAM-A in the maintenance of vascular permeability and epithelial barrier function. 1, 6 Presumably, total loss of JAM-A in Jam-a KO animals may generate various defects that are restrained by compensatory mechanisms to maintain homeostasis and prevent pathophysiologic outcomes. This idea is supported by our previous studies that demonstrated compensatory mechanisms in the intestine of Jam-a KO mice. In Jam-a-deficient animals, the colonic mucosa has normal architecture yet there is increased intestinal permeability, increased numbers of lymphoid aggregates, enhanced PMN infiltration, and increased bacterial translocation. 21, 22 Noteworthy, Jam-a KO animals are protected from spontaneous intestinal inflammation due to compensatory mechanisms driven by mucosal T and B lymphocytes, increased TGF-β production and enhanced IgA secretion that presumably results in neutralization of the harmful effects of the exposure to luminal antigens and bacterial products secondary to the intestinal leaky barrier. 21 While there is mounting evidence that increased permeability of the gut barrier contributes to many inflammatory disorders, there are several studies concluding that a leaky intestine alone is insufficient to induce chronic inflammatory conditions because of compensatory changes and safety mechanisms that lead to protective responses. [31] [32] [33] [34] In order to determine if the tissue microenvironment in Jam-a KO animals might modulate peritoneal macrophage responses to zymosan and LPS we produced Villin-Cre;Jam-a fl/fl mice that harbor selective depletion of JAM-A on intestinal epithelial cells (IECs) while maintaining normal expression on other cell types, notably endothelia, and leukocytes. Selective loss of JAM-A on IECs resulted in impaired intestinal barrier function as evident by increased paracellular permeability to 4 kDa dextran. We also observed that depletion of JAM-A on IECs was sufficient to diminish peritoneal PMN migration in vivo in response to zymosan or LPS and dampen the production of CXCL1 by peritoneal macrophages. Interestingly, peritoneal macrophages isolated from germ-free Villin-Cre;Jam-a fl/fl animals did not exhibit any defect in PMN infiltration into the peritoneal cavity following stimulation with zymosan or LPS as well as no defects in production of CXCL1. These observations suggest a role for gut microbiota in repressing peritoneal macrophage response to inflammatory stimuli and, therefore, in modulation of immune responses. However, further investigations are needed to determine mechanisms by which gut microbiota-derived factors may regulate peritoneal innate responses in Jam-a KO and Villin-Cre;Jam-a fl/fl animals. Nevertheless, our findings are consistent with several reports that have demonstrated that enteric bacteria are linked to development of colitis [35] [36] [37] [38] as well as a previous study demonstrating that antibiotic-treated Jam-a KO Rag1 -/-mice are less susceptible to dextran sulfate sodium (DSS)-induced colitis when compared to mice not treated with antibiotics. 21 It is likely that bacterial derived products such as LPS are important in controlling the macrophage responses observed as it was recently shown that Jam-a KO mice develop severe steatohepatitis when placed on a diet high in saturated fat, fructose, and cholesterol (HFCD). This effect was shown dependent on activated hepatic macrophages, elevated circulating LPS, and gut microbes. 39 In addition, bacterial derived products are linked to release of pro-inflammatory immune mediators such as interferon (IFN)-γ that potently influence innate immune responses. In a recent study, priming of peritoneal macrophages by exogenous IFN-γ treatment prior to LPS administration resulted in impaired NF-kB transcriptional activity, selective decrease in production of CXCL1 and reduced LPS-induced PMN recruitment. 40 The authors also demonstrated that IFN-γ priming of macrophages lead to epigenetic modifications that causes changes in the inflammatory repertoire of the macrophages. 40 Similarly, our observations showed that in response to zymosan, peritoneal macrophages from Jam-a KO and Villin-Cre + ;Jam-a fl/fl exhibited reduced production of CXCL1 and impaired NF-kB signaling compared to controls. Of note, in response to zymosan, we observed no consistent and statistically significant decrease in secretion of other pro-inflammatory factors that are driven by NF-kB activity such as CXCL2, IL-6, and TNFα in vivo and ex vivo in Jam-a KO mice compared to control (Supplemental Fig. 3 ). These observations suggest that the phenotype in Jam-a KO mice might be secondary to priming of peritoneal macrophages and involve epigenetic modifications that cause a selective downregulation of specific genes and not a global shutdown of macrophage responses to zymosan.
The functional consequences of IFN-γ priming of macrophages in inflammatory diseases are complex and incompletely understood. Some studies have reported deleterious effects of type I interferons (IFNs) produced during viral infections that suppress innate protection against subsequent bacterial pathogens and sensitize hosts to secondary bacterial superinfections. Type I IFNs have also been shown to induce decreased production of CXCL1 and CXCL2 leading to impaired neutrophil responses. 41, 42 By contrast, bacterial endotoxin has been reported to support systemic immunity. Preconditioning with LPS results in an endotoxin tolerance phenotype that has been reported to enhance bacterial clearance and improve survival in murine models of polymicrobial sepsis. [43] [44] [45] Although the molecular mechanisms have not been fully elucidated, there is increasing evidence that pretreatment/priming with LPS results in attenuation of inflammation by specific reprogramming of immune cells and inhibition of NF-kB activation. 44 Whether loss of JAM-A in Jam-a KO or Villin-Cre;Jam-a fl/fl animals might be protective or detrimental for the immune response to virus and bacteria remains to be investigated in future studies. Analogous mechanisms may be at play in immune mediated tumor surveillance as it has been reported that total loss of JAM-A supports stronger immunologic responses against pancreatic tumors: Rip1Tag2 mice prone to pancreatic beta-cell carcinogenesis crossed with JAM-A-deficient mice developed less tumor growth than Jam-a WT mice. The phenotype was attributed to an enhanced infiltration of DCs and T cells as well as reduced angiogenesis. 46 These observations strongly imply that Jam-adeficient animals are useful tools to unravel mechanisms that protect against inflammatory burden and tumorigenesis.
In conclusion, we provide evidence that impaired intestinal barrier function secondary to selective loss of intestinal epithelial JAM-A downregulates neutrophil recruitment into the peritoneum in response to pro-inflammatory stimuli by repressing NF-kB activity and reducing production of inflammatory mediators by peritoneal macrophages. These findings highlight a critical functional link between the intestinal barrier and regulation of systemic innate immune responses.
METHODS
Animals
Experimental studies were conducted in C57BL/6 wild-type mice (Jam-a WT ), JAM-A total knockout mice (Jam-a KO ), ). Villin-Cre; Jam-a fl/fl mice were generated by crossing Jam-a fl/fl mice with Villin-Cre transgenic mice. 47 LysM-Cre;Jam-a fl/fl mice were generated by crossing Jam-a fl/fl mice with LysM-Cre transgenic mice purchased from Jackson Laboratory (Bar Harbor, ME). Either LysM-Cre;Jam-a fl/fl or Villin-Cre; Jam-a fl/fl were backcrossed with Jam-a fl/fl mice for at least ten generations. Animals (8-12 weeks, both genders) were used in this study and maintained under standard conditions with 12 h day/night cycle with access to food and water ad libitum. LysM-Cre;Jam-a fl/fl or Villin-Cre; Jam-a fl/fl and respective littermate controls (Jam-a fl/fl mice) were co-housed together. Bedding containing feces was mixed between Jam-a WT and Jam-a KO mice. All experimental procedures were performed in accordance with the protocols approved by the University Committee on Use and Care of Animals at University of Michigan.
In vivo models of peritonitis Zymosan-induced peritonitis was induced as described previously with modifications. 48 Briefly, a solution of 20 μg/mL zymosan A from Saccharomyces cerevisiae (Sigma, St. Louis, MO) in sterile phosphate-buffered saline (PBS-Corning, NY) was prepared and autoclaved at 121°C for 20 min. Two-hundred microliters of zymosan suspension (5 μg of zymosan) was administered by intraperitoneal (i.p.) injection. Mice were divided in two groups, untreated (injected with PBS only) or 2 h post-injection with zymosan. Mice were euthanized by exposure to isoflurane and peritoneal exudate was harvested by lavage with 5 mL of sterile cold PBS supplemented with 2 mM EDTA (Lonza, Rockland, ME) followed by cervical dislocation. Peritoneal exudates were centrifuged at 300 × g for 10 min at 4°C: pellet-containing cells was processed for flow cytometric analysis while the supernatant was collected for chemokine/cytokine production measurement by enzyme-linked immunosorbent assay (ELISA). For lipopolysaccharide (LPS)-induced peritonitis, 250 μL of LPS suspension (from Escherichia coli O111:B4; Sigma) at 10 ng/mL was administered by i.p. injection. Mice were treated for 2 h with LPS. For TNFα-induced peritonitis, 250 μL of animal-free recombinant murine TNF-α suspension at 10 ng/mL (PeproTech, Rocky Hill, NJ) was administered by i.p. injection. Mice were treated for 4 h with TNF-α.
Naive peritoneal macrophage cell culture and stimulation with zymosan Peritoneal lavage was collected with 5 mL of sterile PBS/ 2 mM EDTA on untreated mice (naive) euthanized by isoflurane and prior cervical dislocation. After centrifugation at 300 × g for 10 min (4°C), pellet was resuspended in PBS/ 2 mM EDTA and cells were counted using a handled automated cell counter (Scepter TM , EMD Millipore, Billerica, MA). In all, 2 × 10 6 cells were collected and after centrifugation were resuspended in 1 mL of RPMI medium containing RPMI medium 1640 (Corning) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, GA) and 1% Penicillin/Streptomycin (Corning). Cell suspension (10 6 cells) was added in 12-well flat-bottom plates and transferred for 45 min to a 5% CO 2 incubator at 37°C. Adherent cells (~85-90% of peritoneal macrophages) were washed twice with RPMI medium then untreated or treated with 20 μg/mL of zymosan in RPMI medium for 1 h at 37°C. After incubation with zymosan, cell media were harvested, spun down at 300 × g for 10 min at 4°C and supernatants were collected to quantify the production of chemokines/cytokines by ELISA. Adherent peritoneal macrophages were washed twice with cold PBS/ 2 mM EDTA and processed for RNA isolation. Results show data from the enrichment of peritoneal macrophages from each individual mouse. However, same results were obtained by pooling peritoneal exudates from 3-5 mice followed by specific isolation of unlabeled macrophages by using Macrophage Isolation Kit (peritoneum) from MACs/Miltenyi Biotec (Bergisch Gladbach, Germany).
Chemotaxis assay of mouse bone marrow neutrophils Neutrophils were isolated from bone marrow (BMN) by using a density gradient centrifugation technique. Briefly, bone marrow cells from femurs and tibias were flushed with RPMI supplemented with 5% FBS and 1 mM EDTA, and passed through a 70 μm strainer (Falcon, Corning, NY). Cell suspension was centrifuged at 1500 rpm for 5 min and red blood cells were lysed with ACK lysis buffer (Lonza). Cells were resuspended in 1 mL of ice-cold PBS without Ca 2+ or Mg 2+ and layered over a separation media formed by 3 mL of Histopaque 1077 (1.077 g/mL; Sigma) overlaid on 3 mL of Histopaque 1119 (1.119 g/mL) in a 15-mL tube-column. The column was centrifuged at 2000 rpm for 20 min at 25°C and BMN at the interphase of the two Histopaques were collected, washed in PBS and counted. Then, BMN chemotaxis assay was performed using collagen-coated (10 μg/mL rat tail collagen), permeable 0.33-cm 2 polycarbonate filters (5-μm pore size; Costar Corp., Corning, NY). A total of 10 6 BMNs were added to the upper chambers of transwell filter and migration to the lower chamber was stimulated for 2 h at 37°C in the presence of a chemotactic gradient of 10 nmol/L of LTB4 (Cayman, Ann Arbor,MI) or 2 μg/mL of CXCL1/KC (R&D systems). Migrated BMNs were quantified by detecting the PMN azurophilic marker MPO, as published previously 49 and color development was assayed at 405 nm on a microtiter plate reader. The rate of migration was calculated as the percentage of the total BMN added to the upper chamber of the transwell filter that have migrated into the bottom. Protein cell lysates were collected, separated by SDS-PAGE and immunoblotted for NF-kB p65 pSer536, NF-kB p65 total, and GAPDH as a loading control. Data are a representative immunoblots from three independent experiments. Graphs represent densiometric analysis for values of NF-kB p65 pSer536 normalized to p65 total. Data are means ± SEM of three independent experiments (3-5 mice per group). *P < 0.05, **P < 0.01 by two-way ANOVA with a Bonferroni multiple comparison post hoc test. LPS lipopolysaccharide, NF-kB nuclear factor-kB, SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis Antibodies used were purchased from eBioscience (San diego. CA): CD11b-eFluor 450, F4/80-PE, TCRβ-FITC, CD19-PE, c-kit-APC, CD45-PerCP and Fc Recptor ε-PerCP-eFluor710, Rat antimouse isotype controls (IgG), and Ly6G-APC (1A8; BD Bioscience, San Jose, CA). Cells were mixed with cell counting beads (30,000 beads per sample, CountBrignt Absolute Counting Beads, Invitrogen). Sample were analyzed by NovoCyte Flow Cytometer (ACEA Bioscience, San Diego, CA) and data processed with FlowJo (FLOWJO, LLC). The absolute number of cells was determined by using fluorescent counting beads as recommended by the manufacturer (CountBright, Life Technologies, Carlsbad, CA). For assessment of the depletion of JAM-A on bone marrow-derived neutrophils and monocytes or T cells from spleen, cells were pooled (3-5 mice per group) and specifically enriched using magnetic-activated cell sorting (Miltenyi Biotec, Germany). Cells were stained with JAM-A-PE (BD Bioscience) in combination with Ly6G-APC + CD11b-FITC (PMN), Ly6C-APC + CD11b-FITC (monocytes), CD3-FITC (T lymphocytes), then analyzed by flow cytometry.
Enzyme-linked immunosorbent assay (ELISA) ELISA were performed following manufacturer's instruction (R&D systems) to quantify the production of murine CXCL1/KC (DY453), CXCL2 (DY452), IL-6 (DY406), and TNFα (DY410). As indicated, the expression was measured either in cell free exudate supernatants of peritoneal lavage from mice untreated or treated with zymosan in vivo, or in culture media from enriched peritoneal macrophages untreated or treated with zymosan ex vivo.
RNA isolation and real-time quantitative PCR Total RNA was isolated from 500,000 enriched peritoneal macrophages using the Qiagen RNeasy Micro Plus kit (Hilden, Germany) then followed by cDNA synthesis using 4 μL of total RNA with the BioRAD iScript™ Reverse Transcription supermix (Hercules, CA). Semi-quantitative real-time PCR was performed using 1 μL of the generated cDNA pool using iQ SYBR Green Master Mix (BioRAD) on a BioRAD CFX Connect Real-time System using the following intron spanning primers following amplification program: 95°C for 2 min, 95°C for 5 s, 60°C for 30 s (40 cycles) followed by a melt curve program. Cq values were determed using a BioRAD CFX Manager 3.1 software. Relative mRNA expression was computed using the 2(-ΔΔCT) method using Rps18 as reference gene.
(Cxcl1-F) 5′-TGCACCCAAACCGAAGTCATAG-3′; (Cxcl1-R) 5′-CAGAGCAGTCTGTCTTCTTTCTCC-3′; (F11r-F) 5′-TCTGTGACCCGGAAGGACAATG-3′; (F11r-R) 5′-TCGGCTTGGATGGAGGTACAAG-3′; (Rps18-F) 5′-ACTTTTGGGGCCTTCGTGTC-3′; Rps18-R) 5′-GCCCAGAGACTCATTTCTTCTTG-3′:
In vivo permeability assay Intestinal permeability was assessed by injection of fluorescein isothiocyanate (FITC) conjugated dextran (FD4; Sigma) using an ileal loop model as described previously. 50 Briefly, animals were anesthetized with isoflurane (Fluriso™, VETONE®, Boise, Idaho) at constant rate using a rodent anesthesia vaporizer machine (E-Z anesthesia® 7000, Palmer, PA) and placed on a controlled temperature heat pad. A midline abdominal incision was made to expose the ileum, and a 4-cm loop was exteriorized, cleaned, and cut-ends were closed by ligations using non-absorbable silk suture 3.0 (Braintree Scientific, Braintree, MA). In all, 1 mg/mL FITCdextran (FD4) in 200 μL Hank's Buffered Salt Solution (HBSS) was injected into the ileal loop. The loop was re-inserted into the abdominal cavity then peritoneum and skin were closed with sutures. After 2 h, whole blood was collected by cardiac puncture and fluorescence intensity was measured in the serum using a fluorescence microtiter plate reader (FLUOstar; BMG Labtech, Cary, NC).
Immunofluorescence microscopy In all, 8-μm OCT-embedded tissue sections of mouse ileum were fixed and permeabilized in absolute ethanol at −20°C for 20 min, blocked with 3% donkey serum-PBS for 1 h at room temperature (RT) and incubated with primary antibody goat anti-mouse JAM-A (R&D systems) diluted in blocking buffer overnight at 4°C. Alexa Fluor 488 donkey anti-goat antibody (Life technologies) diluted in blocking buffer was added for 1 h at RT. To visualize cell nuclei, tissue sections were incubated with Dapi (Life technologies) for 10 min at RT then mounted in Prolong Antifade Agent (Life technologies). Immunofluorescence images were captured on a confocal microscope (Leica SP5 Inverted 2-Photon FLIM Confocal). ImageJ (National Institutes of Health, Bethesda, MD) was used for image processing.
Enrichment of intestinal epithelial and lamina propria cells A section of Ileum (7 cm-long above the cecum) was collected, opened longitudinally, and washed with PBS minus supplemented with 5 mM 1,4-dithiothreitol solution (DTT; Fisher BioReagents™) and 2% FBS for 20 min at 37°C under mechanical agitation at 200 rpm. Intestinal epithelial cells (IECs)-enriched fraction was obtained by mechanical agitation (200 rpm) for 10 min at 37°C in 10 mL solution of PBS minus supplemented with 5 mM EDTA and 2% FBS. This step was repeated three times and fractions were pooled (30 mL) prior centrifugation at 400 × g for 10 min at 4°C. For the lamina propria-enriched fraction, the remaining tissue after IECs removal was cut into small pieces (1-2 mm) and enzymatically digested using RPMI solution supplemented with Liberase TM (2.5 mg/mL; Roche Diagnostics, Basel, Switzerland) and DNAse I (2 × 10 4 Kuntz units/mL; EMD Millipore) for 30 min at 37°C under mechanical agitation at 200 rpm. Cell suspension was filtered through a 70 μm cell strainer (Falcon) and washed with PBS minus supplemented with 10% FBS, and 2 mM EDTA then with ice-cold PBS minus. Cells from both, epithelial and lamina propria-enriched fractions were counted using a Scepter 2.0 Cell Counter (EMD Millipore). In all, 2 × 10 6 cells for each fraction were prepared for mRNA isolation.
Western blotting Naive peritoneal macrophages were obtained by pooling peritoneal exudates from 3-5 mice followed by specific isolation of unlabeled macrophages by using Macrophage Isolation Kit (peritoneum) from MACs/Miltenyi Biotec. Cell suspension (5 × 10 5 cells) in RPMI medium supplemented with 10% FBS were added in 12-well flat-bottom plates and transferred for 45 min to a 5% CO 2 incubator at 37°C. Adherent cells were washed twice with RPMI medium then untreated or treated with 20 μg/mL of zymosan in RPMI medium for 5 min or 10 min at 37°C. For LPS stimulation, cells were treated with 10 ng/mL of LPS in RPMI medium for 15 min or 30 min at 37°C. After treatment, cells were washed twice with cold PBS and directly lysed in Laemmli sample buffer complemented with 2-mercaptoethanol and benzonase (Sigma). Lysates were sonicated and boiled for 5 min at 100°C. Western blot was performed using antibodies against NFκB p65 pSer536, NFκB p65 (Cell Signaling Technology, Danvers, MA) or GAPDH (Sigma) followed by horseradish peroxidase-conjugated secondary antibodies and detection by enhanced chemiluminescence (GE Healthcare Bio-Sciences, Pittsburgh, PA). Band intensity was quantified by densitometry using ImageJ (NIH) software and values of NFκB p65 pSer536 were normalized to p65 total.
Phagocytosis assay Peritoneal macrophages were enriched by adherence as described above. Adherent peritoneal macrophages were untreated (time 0) or incubated in RPMI-1640 medium containing 5% FBS with pHrodo-red conjugated zymosan (Life Technologies) at 37°C for 30 min and 60 min. After incubation, cells were washed three times with ice-cold PBS, detached in PBS-2mM EDTA, centrifuged and resuspended in FACS buffer (PBS, 2% FBS). Cells were incubated with DAPI and labeled with anti-CD11b-e450 and anti-F4/80-APC. Zymosan was analyzed using Imagestream X Mark II. 51 Positive zymosan uptake was defined as intracellular uptake pHrodo-red conjugated zymosan. Data is represented as percent phagocytosis of the total population.
Statistical analysis
All experiments were performed independently at least twice. Values were pooled from multiple experiments. Data represent means and error bars are standard error of the mean (SEM). Statistical analyses were performed using GraphPad Prism© 7.00. The differences were assessed with t-test or two-way analysis of variance (ANOVA) followed by a Bonferroni multiple comparison post hoc test. P-values ≤ 0.05 were considered statistically significant.
